Windthrows are ubiquitous in forest environments, and they lead to many ecologic, pedologic, and geomorphic consequences. The distribution of wind damage is not uniform, and may be controlled by many factors. This study examines the role of topography, canopy gaps, and forest edges in the distribution of windthrow damage within the Polish part of the Western Tatra Mountains (121.7 km 2 ). A set of aerial photographs was used to map windthrows created in 4 different periods: before . GIS mapping, image classification, and t-test were applied to analyze the data. Among all topographic characteristics, the highest diversification of windthrow distribution was observed in the case of aspect, which was probably connected with different wind directions in analyzed periods. Slope and elevation also controlled damage distribution, mainly by a decreased damage within the steepest slopes and the highest elevations. Canopy gaps did not influence damage distribution significantly. Forest edges, particularly those created by recent windthrow, were the most important factor influencing the distribution of wind damage.
Introduction
Damage in the forest stands caused by strong wind is a very common phenomenon occurring within almost all forested areas (Schaetzl et al. 1989a) . As a result of wind, trees may be uprooted or broken. The aerial extent of damage may depend on the type of a wind event (Phillips et al. 2015) as well as its intensity (Frelich & Lorimer 1991) . During low intensity events small gaps in the canopy may be created, while during high intensity events extensive forest areas may be damaged (Schaetzl et al. 1989b) .
The process of windthrow leads to many environmental consequences. Depending on the abovementioned intensity it may cause the replacement of single or small groups of trees, or a whole forest stand (Ulanova 2000) . If damaged trees are uprooted, pit and mound features are created (Denny & Goodlett 1956; Putz 1983; Norman et al. 1994) . This results in the mixing of soil, changes in the soil properties, and the creation of different microsites (Phillips & Marion 2004; Šamonil et al. 2010) , which in turn may control the process of regeneration (Clinton & Baker 2000) . The uprooting of trees also promotes biomechanical soil weathering (Phillips et al. 2005; Gabet & Mudd 2010) , and causes the transporting of sediment which in the longer timescales leads to the denudation of hillslope (Pawlik et al. 2016; Phillips et al. 2017; Strzyżowski et al. 2018) .
The distribution of windthrow damage is not uniform across a landscape (Cremeans & Kalisz, 1988) . Thus, considering all windthrow consequences, the determination of factors which control the spatial distribution of wind damage seems to be an important issue, not only for the purpose of forest management, but also for a better understanding of the relations between different components of the forest environment.
Factors which influence the distribution of windthrow damage may be both biotic, and abiotic (Everham & Brokaw 1996) . Biotic factors may include tree parameters, such as diameter, height, crown shape, root system architecture, or wood strength (Cremer et al. 1982; Peterson 2007) , and forest stand parameters, such as tree density, age, species diversity, or condition of trees (Papaik et al. 2005; Evans et al. 2007 ). Abiotic factors incorporate topography, wind exposure, wind strength, soil and bedrock properties, and amount of rainfall (Kotarba 1970; Bzowski & Dziewolski 1973; Ruel et al. 1998; Kulakowski & Veblen 2002; Lenart et al. 2010 ). However, the results of the studies, especially those considering the role of topography in the damage distribution, are not always unequivocal. For example some studies showed a positive relation between the amount of damage and the elevation (Evans et al. 2007; Lenart et al. 2010) , while others indicated higher damage at lower topographic positions (Cremeans & Kalisz 1988 ). Frelich & Lorimer (1991 on the other hand pointed out that topography has no significant influence on the damage distribution.
Wind damage may be also promoted by the presence of forest gaps, and forest edges (Cremer et al. 1982; DeWalle 1983; Stacey et al. 1994; Gardiner et al. 1997 ). However, their contribution to windthrow may be considerably lower if trees become adopted to new, more windy conditions (Cremer et al. 1977; Stacey et al. 1994) .
In this study an examination of factors which influenced the spatial distribution of wind damage is conducted. The investigation is based on different-age aerial photographs of the Western Tatra Mountains, the area which systematically encounters strong wind events. GIS methods are used to analyze damage distribution in four different periods. The main goals of the study are to: (1) define how and to what extent the distribution of wind damage was influenced by topographic features, such as: aspect, slope inclination, and elevation; (2) determine the role of forest canopy gaps, and forest edges in the distribution of windthrow damage.
Study area
The study was conducted within the Polish part of the Western Tatra Mountains (121.7 km 2 ), in the Tatra National Park. The Tatra Mountains are the highest mountain range in the Carpathians. The highest peaks reach a height of over 2500 m a.s.l. The southern, much higher elevated, part of the Polish Western Tatra Mountains is characterized by glacial and periglacial relief, which developed during the Pleistocene, while the northern part of the area has typical fluviodenudational relief (Klimaszewski 1972) . The southern part of the Western Tatra Mountains is built of metamorphic rocks, mostly gneiss, schist, migmatite, and amphibolite. The valleys in this part of the massif are filled with moraine deposits and fluvioglacial deposits. The northern part of the Western Tatra Mountains is built of sedimentary rocks, mostly limestone, dolomite, marl, sandstone, and conglomerate. The valley bottoms at that area are filled with alluvial deposits (Bac--Moszaszwili et al. 1979) . Dominant soil types within the forested part of the area include: Umbric-Rendzic Leptosols, Cambic-Rendzic Leptosols, Eutric Cambisols, and Orthic Podzols (Skiba 2002) .
Mean annual temperature is 4°C at 1150 m a.s.l., and -2°C at 2200 m a.s.l. (Hess 1974) . Mean annual rainfall is 1400 mm, at 1150 m a.s.l., and reaches 1750 mm at the height of 2000 m a.s.l. (Hess 1974) . The Tatra Mountains are characterized by frequent foehn wind events, which mostly occur between October and May, and their dominant direction is from the south (Niedźwiedź 1992). These winds cause significant damage in the forest cover. They may occasionally reach a speed above 60 m·s -1 (Niedźwiedź 1992) . Recently the most catastrophic windthrow events caused by foehn winds occurred in 1968, and in 2013, leading to the destruction of respectively 469, and 298 ha of the Tatra National Park forests (Bzowski & Dziewolski 1973; Strzyżowski et al. 2018) .
Natural forest structure in the Tatra Mountains should consist of deciduous forest belt up to the height of 1200 m a.s.l. and coniferous forest belt reaching the upper timber line at the height of 1550 m a.s.l. (Mirek 1996) . The forests of the Tatra Mountains, however, were subject to intense logging and pasturing, which continued until the establishing of the Tatra National Park in 1954 (Ciurzycki 2003) . The long period of this human impact led to substantial changes, especially in the structure of the lower forest belt. At the present state the forests of the Tatra Mountains are mostly composed of spruce which constitutes 92% of the whole forest cover in the Tatra National Park (Krameko sp. z o.o. 2005) .
Methods
For the purpose of the analysis orthophotos taken in 2009 (CODGiK 2017a), 2012 (Tatra National Park data), 2015 (CODGiK 2017a), and satellite imagery taken in 2014 (World-View-2; analyses were conducted in the Department of Research and Nature Conservation Management of the Tatra National Park) were used. The resolution of the images ranged between 0.2 and 0.5 m ( Fig. 1 Figure 1 . Scheme presenting the time intervals of 4 monitoring periods, and the parameters of the aerial photographs used for the purpose of the analysis images and located within the Polish part of the Western Tatra Mountains (121.7 km 2 ) were digitized. As a result windthrows created in 4 different periods, i.e. before 2009 (period A), between 2009 and 2012 (period B), between 2012 and 2014 (period C), and between 2014 and 2015 (period D), were mapped. For all of those periods, excluding the period A, the time span during which windthrows were created was known with an accuracy of one month (Fig. 1 ). In the case of the period A, however, there was no sufficient data before the time of taking the first orthophoto (2009), so the time span during which those windthrow areas were created is not known. There were some uncertainties during distinguishing windthrow areas created in the particular analyzed periods. Windthrow events frequently trigger an invasion of barkbeetle (Økland et al. 2016; Havašová et al. 2017) , and thus, for the purpose of nature conservation, the Tatra National Park conducts logging operations within some of the windthrow areas. The operations include salvage logging of fallen trees (root plates are left in the field), and logging of dead, weakened, or bark beetle-affected trees. In spite of that, it was not always clear if an area which has been devoid of forest cover (when compared to the previous imagery) has been affected by windthrow or by logging operations. Hence, all the areas of reduced forest cover within which there were no apparent signs of fallen trunks or root plates were excluded from the analysis.
Area of the Polish part of the Western Tatra Mountains include both forested and unforested (e.g., dwarf pine belt, alpine belt) sites. For the purpose of the following analysis a shapefile containing only the area of the forest cover (84.2 km 2 ) was prepared based on the Forest Data Bank of the State Forests Holding (Forest Data Bank 2017).
To determine if aspect, slope, or elevation influenced the distribution of windthrow damage, the following procedure was conducted separately for each analyzed period (A, B, C, and D). Based on the digital elevation model (3 x 3 m resolution; CODGiK 2017b), the area of forest cover (84.2 km 2 ) was divided into intervals of aspect (0-360°, 24 intervals), slope (0-53°, 18 intervals), and elevation (892-1550 m a.s.l., 13 intervals). Then it was calculated what proportion of a forest area located within each interval of aspect, slope, and elevation was affected by windthrow damage.
To determine the role of canopy gaps in the distribution of windthrow damage the proportion of canopy gaps within the prewindthrow areas and within their surroundings was analyzed. This analysis, therefore, required the comparison of each windthrow site with its state before the windthrow creation (previous imagery). For each analyzed pre-windthrow area, a reference area was delineated, which surrounded the given pre-windthrow area, or was located within its direct vicinity. Each reference area was delineated in a topographic position similar to the position of a given pre-windthrow area and was at least as large as a given prewindthrow area. Then an appropriate orthophoto was clipped to each pre-windthrow and its reference area, and each of those pairs was classified using 'Maximum Likelihood Classification' tool in ArcGIS 10.2. Two classes were distinguished: forests (trees) and canopy gaps (shaded areas among trees). Bands 1, 2, and 3 were used, since only those were available for the analyzed imageries. In most of the clipped orthophoto fragments only tree crowns and canopy gaps were present, and therefore, the classification was simple, and its accuracy was satisfactory. There were some cases in which unshaded meadows were difficult to distinguish from trees during the classification. In such situations corrections in the area of canopy gaps were made manually after the classification. Finally, shapefiles presenting the area of trees and canopy gaps for each pre-windthrow and reference area were generated. Based on these, the percentage of an area occupied by canopy gaps was calculated both for the pre-windthrow areas and for their reference areas. To check if the percentage of canopy gaps differed significantly between the prewindthrow areas and their reference areas, a t-test for two independent samples was applied for p = 0.05. To avoid biases in the results, all pre-windthrow areas which were classified as being created within the edge of the forest were excluded form this analysis, assuming that the effect of the forest edge may obscure the role of canopy gaps. Also all pre-windthrow areas were excluded for which finding a reference area characterized by a similar topographic position was impossible. Because of lack of data before 2009, and owing to the low quality of the satellite imagery taken in 2014, this analysis was conducted for periods B, and C.
To check the role of forest edges in the creation of windthrow damage, all windthrow areas digitized based on a given image were compared with the state of those sites presented by a previous image (before windthrow creation). For all of those pre-windthrow patches, the length of their perimeter, along which they were bordered (in the pre-wi ndthrow period) by a no-forest area (meadow, recent windthrow, etc.) was measured. The percentage of this length in the length of the whole perimeter of a given pre-windthrow area was calculated. While no sufficient data before 2009 (first digitized windthrow areas -period A) was available, this analysis was conducted for periods B, C, and D.
Results
The magnitude of windthrow damage differed among the four analyzed periods (Tab. 1). The most extensive damage was noted in the period C (nearly 300 ha of damage), when an extreme windthrow event occurred in December 2013. Totally, in all analyzed periods, 401.3 ha of forest were destroyed (Fig. 7A) , which constitute 4.7% of the whole forest cover of the Polish part of the Western Tatra Mountains.
Generally there is no unequivocal pattern of windthrow damage distribution according to aspect, slope, and elevation. It appears, however, that each of those topographic characteristics influenced the distribution of windthrow to a certain extent.
The percentage of the forest area affected by windthrow was highly diversified by the aspect (Fig. 2) . In the period A windthrows affected mostly forests located within W, N, and NE slopes. A similar situation was observed in the period B -the most extensive damage was noted on slopes W, NE, and partly E. Different damage distribution occurred within the period C. In this case the largest damage was noted within S and E slopes. In the period D forests were generally affected within W slopes, and exceptionally high damage occurred within W, SW, and NW exposures.
Analyzing the distribution of windthrow damage among different slope inclination intervals, some general trends may be noted. In all the analyzed periods the lowest proportion of damage was noted within the highest slope inclination intervals (Fig. 3) . This is particularly pronounced in the periods A, B, and D, and somewhat less significant in the period C. The lowest slope inclinations in the period A (0-8°), C (0-11°), and in the period D (0-5°) also encountered a significantly lower proportion of windthrow damage than other slope intervals. However, this situation did not occur in the period B. Within three analyzed periods (A, B, and C) the largest proportion of windthrows was observed on slopes between 18 and 28°. Within the period D, however, the largest damage was noted on slopes 9-11°. Distribution of windthrow damage among different elevation intervals is not uniform. Both the lowest and the highest elevations experienced a lower proportion of damage in all analyzed periods (Fig. 4) . Three of the periods (B, C, D) are characterized by very similar damage distribution, with the most extensive windthrow areas located within the height of 1000-1150 m a.s.l., and the lowest proportion of damage above 1300-1350 m a.s.l. A somewhat different pattern of damage distribution was noted in the period A, in which the largest damage was noted within the elevation of 1250-1400 m a.s.l.
The analysis of the percentage of canopy gaps within the pre-windthrow areas and their reference areas, conducted for the periods B and C, did not show any unequivocal pattern. In the period B the percentage of an area occupied by canopy gaps was slightly lower within pre-windthrow areas than within their surroundings. However, in the period C the situation was reversed (Fig. 5 ). Nevertheless, the differences in both periods are not significant (p > 0.05).
Analysis of the pre-windthrow sites showed that 63%, 56%, and 88% of the windthrow areas digitized respectively for the period B, C, and D were created at the edges of the forest (Tab. 2). In 41% (period B), 35% (period C), and 67% (period D) of cases, the length along which those pre-windthrow areas bordered with the no-forest area was larger than 20% of their perimeter (Fig. 6) . The spatial distribution of the differentage windthrow patches suggests that the location of damage in the forests may be frequently controlled by the placement of recently created windthrows. For the periods B, C, and D respectively, 41, 36, and 88% of the digitized windthrow areas were created in the direct vicinity of recent windthrows (Tab. 2). Thus, the creation of a windthrow in a given period was frequently followed by the enlargement of that windthrow site in the following period, which results in the spatial clustering of windthrow patches (Fig. 7B) . 
Discussion
Topography may exert a considerable influence on the distribution of wind damage in the forests. In this research the most diversifying feature among all the analyzed topographic characteristics is the aspect. Different analyzed periods present different damage distribution according to the aspect, which may be connected with variability in the meteorological conditions during which windthrows were created. However, to determine meteorological conditions, the exact date of the given windthrow creation is needed, which is known only for the period C, in which almost the entire damage was created by one foehn wind event. During several hours of this event the direction of the wind ranged from 154 to 211° (IMWM data), and the largest damage was noted in the forests exposed to the south, which means that windward slopes were affected to a larger degree than lee slopes. This is contrary to the results presented by Sokołowski (1934) and Bzowski & Dziewolski (1973) who also analyzed the damage in the forests of the Tatra Mountains, and showed that windthrows were created mostly within lee slopes. Such relation was also noted by Jane (1986) who found higher damage within lee slopes in the forests of New Zealand. However, the flow of wind through a mountain area may be very complex, and significant deflections from the general wind direction may be noted (Kwiatkowski 1969; Kotarba 1970; Ruel et al. 1998; Clinton & Baker 2000) . There were cases, in which little damage occurred within lee slopes, because the wind was deflected and flowed over those slopes (Foster & Boose 1992) . Such a phenomenon may occur frequently within steep slopes (Sokołowski 1934; Bzowski & Dziewolski 1973) . It may have, for example, influenced the distribution of windthrow damage which occurred in November 2004 within the southern slopes of the Tatra Mountains in Slovakia, where 120 km 2 of forests were destroyed by the northern wind. The damage occurred below 1250 m a.s.l., where the slopes become more gentle. The steepest slopes, above that height, avoided severe damage, which may be a result of abovementioned deflection of wind direction over steep slopes (Balon & Maciejowski 2005; Falťan et al. 2009; Minár et al. 2009 ). On the other hand, trees growing within lee slopes may be more susceptible to windthrow compared to windward slopes, where trees are more adapted to the action of wind (Jane 1986). Moreover, tree pulling experiments on Sitka spruce showed that overturning a tree in a downslope direction requires significantly lower force than overturning it in an upslope direction (Nicoll et al. 2005 ). It appears then, that there is no rule as to whether lee or windward slopes are more susceptible to windthrow. During an extreme foehn wind event in the Tatra Mountains in 1968 (Bzowski & Dziewolski 1973 ) the direction of the wind ranged from SSE to SW, similarly to the event in 2013 (period C). However, the mean velocity of the wind in 1968 was up to 50 m·s -1 (Bzowski & Dziewolski 1973), which was significantly higher compared to the event in 2013 (29 m·s -1 ; IMWM data). It may be that a difference in meteorological conditions, here mainly expressed by a different wind strength, led to different wind deflections, and in the one case (1968) lee slopes, and in the other (2013, period C) windward slopes were mostly damaged. Nevertheless, for a more comprehensive explanation of the role of aspect in wind damage distribution, a larger data set would be required. Unfortunately, in the case of many windthrow areas there is no data on the meteorological conditions during which they were created which underlines a need of further windthrow monitoring.
There is limited information in the literature on the role of slope inclination in the distribution of windthrow damage. Some of the authors observed no clear relation between slope inclination and the distribution of damage in the forests (Greenberg & McNab 1998; Kramer et al. 2001) , and some found Examples of windthrow areas which were enlarged by subsequent windthrow events in the following analyzed periods (b) a significant increase in the proportion of damaged trees with increasing slope (Lenart et al. 2010) . One of the important relations, mentioned earlier, is the deflection of wind within steep lee slopes, which may result in low damage (Sokołowski 1934; Bzowski & Dziewolski 1973) . In this study an explicit decrease in the proportion of damage was noted within the steepest slopes (above 41°), which is slightly less pronounced in the case of the period C. This may be evidence of wind deflection which causes sheltering of the steepest lee slopes. It may be also caused by the low angle between the surface, and the wind direction, which may cause wind to blow more parallel to the axis of tree trunks, both within lee and windward slopes, and thus wind pressure at a given tree is lower. Such relationship was pointed out by Balon & Maciejowski (2005) , who assumed that this may be one of the reasons why steep slopes avoided forest damage during severe windthrow in the Slovakian Tatra Mountains in 2004.
Different remarks were noted on the role of elevation in the distribution of wind damage in the forests. Cremeans & Kalisz (1988) showed that the proportion of uprooted trees was higher within lower topographic positions than within ridges. Kulakowski & Veblen (2002 ), Evans et al. (2007 ), and Lenart et al. (2010 observed an increase in the proportion of windthrow damage at higher elevations. In the studied area the role of elevation in the localization of windthrow damage is mainly expressed in the decrease in the amount of damage within the highest elevation intervals which is mostly distinctive for the three analyzed periods. This is probably connected with the presence of the upper timber line, which is located on average at an altitude of 1550 m a.s.l. (Balon 1995) , near which the uprooting of trees is quite uncommon (Schaetzl et al. 1989b ). In the same three periods the largest damage occurred at an altitude of 1000-1150 m a.s.l., which is similar to the results obtained by Bzowski & Dziewolski (1973) for the catastrophic foehn wind that occurred in the Tatra Mountains in 1968. The reason of that may be the presence of spruce monocultures in the lowest part of the Polish Tatra Mountains (see section Study area), which should be naturally overgrown by deciduous forest with the dominance of beech (Mirek 1996) . Perhaps artificially introduced species are not adapted to the local conditions and thus are more prone to damage. A decrease in the proportion of damage within the lowest elevations may be also caused by lower wind speed within deep and narrow valleys whose axes are perpendicular to the wind direction (Ruel et al. 1998) , and which are numerous in the study area.
The impact of canopy gaps on the forest dynamics was a subject of many studies. Worrall et al. (2005) showed that although the creation of natural canopy gaps is in most cases connected with tree diseases, the occurrence of bark beetle, or parasitic plants, their expansion is mostly caused by the action of wind. The occurrence of wide spaces between trees, however, does not always lead to their higher instability. Achim et al. (2005) showed that wider tree spacing led to an increase of critical wind force needed for trunk breakage. In the case of uprooting, however, this increase was lower. Gardiner et al. (1997) showed that wider tree spacing led to a decrease in susceptibility to trunk breakage, and an increase in susceptibility to uprooting. Cremer (1977, 1982) pointed out that trees in thinned stands are susceptible to wind damage in the period immediately after thinning operations. However, if these sites remain undisturbed for some period, trees bordering gaps may become adapted to wind even better than those growing in unthinned stands.
In the study area no significant relation was found in the proportion of an area occupied by canopy gaps between pre-windthrow areas and their reference areas, which may suggest that this factor had a rather secondary influence on the distribution of windthrow damage. Nonetheless, because of methodological limitations, this analysis was conducted for only part of the whole dataset (see Methods section), and therefore, it is possible that the overall effect of gaps was more explicit.
Forest edges were in many studies noted as vulnerable areas, where wind damage occurred more frequently than elsewhere (Alexander 1964; DeWalle 1983; Ruel et al. 2001; Pawlik 2012) . Increased windthrow occurrence was reported both within forest edges created by clearcutting operations (Alexander 1964; DeWalle 1983) and within forest edges created by recent windthrow (Kwiatkowski 1969; Greene et al. 1992) . Studies of wind forces and behaviour showed that trees growing at the edge of a forest experience far more wind loading than trees within a forest. However, wind loading decreases rapidly with the distance from the forest edge into the forest, as trees become more sheltered (Stacey et al. 1994; Gardiner et al. 1997) . If trees at a forest edge remain undisturbed for a longer period they may become adapted to wind conditions, similarly to trees bordering a canopy gap (Cremer et al. 1977; Urban et al. 1994 ). In the study area a large proportion of windthrow patches were created at the edges of the forest. This proportion was exceptionally high (88%) in the period D, 1.5 years before which an extensive windthrow event occurred. Moreover, all of the windthrow areas created in the period D, were located in the direct neighbourhood of windthrow areas created in the period C. This would suggest that the presence of forest edges, especially those which were created recently, may be one of the primary factors controlling the location of damage in the forests.
Conclusions
Damage in the forests caused by the action of wind is not uniformly distributed. It is difficult, however, to point to the factor which mostly influences the distribution of windthrow damage. Both abiotic and biotic factors may control the location of damage, and they may all act together, creating complex relations. Nevertheless, there certainly are features which are more important than others. In this study the most important topographic feature influencing the distribution of wind damage was the aspect. The role of the slope, and the elevation was also noted, but their significance was limited to the most gentle and the steepest slopes, and to the lowest and the highest elevations.
One of the most important relations observed within the analyzed periods is the frequent occurrence of windthrows within forest edges and the common expansion of windthrow areas in those sites. This confirms earlier remarks about the vulnerability of forest edges, created both by logging and by recent wind damage, and shows that these sites, especially freshly created edges, are the places where further damage is mostly expected. The role of canopy gaps was not unequivocal in the analyzed periods, and thus of rather secondary importance.
There is a need for further investigation of the distribution of wind damage, especially the mapping of damaged areas immediately after their creation which would make it possible to assign meteorological data to each of them. Also a longer period of monitoring would be necessary so as to more comprehensively explain the complex relations controlling the spatial distribution of wind damage.
